We analyze the interplay of spin-valley coupling, orbital physics and magnetic anisotropy taking place at single magnetic atoms adsorbed on semiconducting transition metal dichalcogenides, MX2 (M = Mo, W; X = S, Se). Orbital selection rules turn out to govern the kinetic exchange coupling between the adatom and charge carriers in the MX2 and lead to highly orbitally dependent spin-flip scattering rates, as we illustrate for the example of transition metal adatoms with d 9 configuration. Our ab initio calculations suggest that d 9 configurations are realizable by single Co, Rh, or Ir adatoms on MoS2, which additionally exhibit a sizable magnetic anisotropy. We find that the interaction of the adatom with carriers in the MX2 allows to tune its behavior from a quantum regime with full Kondo screening to a regime of "Ising spintronics" where its spin-orbital moment acts as classical bit, which can be erased and written electronically and optically.
Transition metal adatoms on surfaces provide ideal model systems for fundamental studies of quantum many-body phenomena ranging from magnetism [1] [2] [3] and Kondo physics [4] [5] [6] [7] to topological states of matter [8] [9] [10] and Majorana modes [11] [12] [13] . Moreover, these systems are promising as ultimately miniaturized building blocks of spintronic devices and logic gates. Particularly recent advances in scanning tunneling microscopy lead to enormous progress in the probing and manipulation of these systems including writing, reading, and processing of information from atomic scale bits via e.g. spintransfer torques [14, 15] and spin-polarized spectroscopy techniques [16, 17] .
In all of these cases, the coupling between adatom and substrate is central to determine the magnetic properties of the system. Thus, changes in the quantum state of the substrate can directly affect the adatom magnetism, as studies of superconducting substrates demonstrated [18, 19] . In the light of time-dependent phenomena, substrates which allow for ultrafast manipulation of their electronic states by electronic or optical means are particularly interesting but actual realizations have been lacking so far.
In this letter, we show that strong spin-valley coupling and peculiar orbital physics make monolayers of transition metal dichalcogenides (TMDCs), MX 2 (M = Mo, W; X = S, Se) ideal substrates in this context. MX 2 materials allow for ultrafast optical control of their electronic states and for charge doping by external gates, which turn out to provide control over spin-flip scattering of transition metal (TM) adatoms on a monolayer MX 2 . We illustrate this result based on ab initio simulations of single Co, Rh, or Ir adatoms on MoS 2 and a generic model Hamiltonian description. Our calculations show, that these magnetic adatoms exhibit a dou- * bin.shao@uni-bremen.de blet ground state which is separated from excited states by a sizable magnetic anisotropy > 10 meV and realizes an "Ising" spin-orbital moment. We analyze the kinetic exchange scattering of adatom and substrate electrons, and demonstrate that the adatom behavior can be tuned from a regime of "Ising spintronics" where its spin-orbital moment acts as classical bit, which can be manipulated electronically and optically, to a quantum regime of full Kondo screening.
The choice of MX 2 as substrate concerns two aspects: First, there are adsorption sites with uniaxial symmetry (C 3v ) on the surface of MX 2 , i.e. the top of M atoms (M-top), the top of X atoms (X-top), and the site above the middle of M-X hexagons (hollow). Uniaxial symmetry is crucial for TM adatom to retain a large orbital moment and consequently yields a sizable magnetic anisotropy [2, 3] . Moreover, the symmetry determines the hybridization between TM and M atoms. Hence, only those d orbitals of TM and M atoms with matching symmetry under the operation of the adsorption site point group can couple to each other, providing an additional degree of freedom to control the spin-flip scattering. Second, we can easily select the spin and orbital character of charge carriers in MX 2 . As shown in Fig. 1(a) , the band-edges of MX 2 result from different valleys which are predominately stemming from different d orbitals of the M atoms [20] [21] [22] .
For example, the lowest conduction-band (CB) in the K valley carries mostly d m=0 character, while we have mainly d m=±2 in the Σ valley; in the upmost valenceband (VB) we have mostly d m=0 in the Γ valley and d m=±2 in the K valley. Here m is the quantum number of the orbital momentum's z component. Given the energy separation between the minima/maxima in CBs/VBs, charge doping thus selects the orbital character of carriers at the Fermi level in MX 2 . Due to the C 3v symmetry of adsorption sites, the coupling d m orbitals from M atoms and TM adatoms need to follow an orbital selection rule, ∆m mod 3 = 0. Therefore, spinflip scattering will strongly depend on the doping level. Specifically, if the valence hole of a d 9 adatom resides in a d m=±1 state [ Fig. 1(a) ], spin-flip scattering by charge carriers in MX 2 is suppressed for the undoped system due to the absence of any carriers [ Fig. 1(b) ] but also for the moderately electron doped case due to the absence of symmetry matched carriers [ Fig. 1(d) ]. However, once carriers with d m=±2 orbital character are available for scattering at the Fermi level, e.g., in the cases of moderate hole doping [ Fig. 1(c) ] and relatively high electron doping [ Fig. 1(e) ], an effective channel for spin-flip opens and the adatom spin might be even fully screened by the charge carriers. More significantly, because of the so-called spin-valley coupling, TMDCs with broken inversion symmetry, e.g. MX 2 monolayers, allow for optical selecting the spin state of the excited carriers [23] [24] [25] . This optically determined spin state can be further coupled to the adatom spin via spin-flip scattering, providing a mechanism of optical orientation of the adatom spin. The orbital and spin selection rules of spin-flip scattering present the basis for the ultrafast control over the magnetic adatom degrees of freedom suggested in this letter.
To investigate this scenario quantitatively, we firstly study the ground state of the TM adatom subject to the crystal field with C 3v symmetry and spin-orbit coupling (SOC), which can be described by the effective Hamiltonian,
Here H CF is the crystal field Hamiltonian, λ is the spinorbit constant, l i and s i are the orbital and spin angular momentum vector of an electron, respectively, the sum over i runs over all the electrons. Because we are interested in a d 9 configuration the atomic state is a single Slater determinant. In the basis of the five d orbitals (d m=0,±1,±2 ), H CF is given by a 5 × 5 matrix. Due to the three fold rotation axis of the crystal field, the matrix element d mi | H CF |d mj is non-vanishing only
and c +3 , respectively. In absence of magnetic fields, time reversal symmetry further implies −2 = +2 and
The crystal field with C 3v symmetry splits the five d orbitals into two doublets, E1 (mostly d ±1 ) and E2 (mostly d ±2 ), and a singlet A1 (d 0 ). By diagonalizing (1), we can obtain the spin-orbit state of the d 9 configuration. In order to show that the d 9 configuration is a realistic scenario for several single TM adatoms on MX 2 and to obtain reasonable parameters in (2) we performed ab initio calculations in the framework of density functional theory (DFT) [26] . We employed a 5 × 5 MoS 2 supercell with one Co, Rh, or Ir adatom using Perdew-BurkeErnzerhof parameterization [27] of generalized gradient approximation (GGA) functional and the projector augmented wave [28, 29] as implemented in the VASP package [30] . All the atomic structures were fully relaxed before calculating their electronic structures.
We have considered three adsorption sites, Mo-top, Stop, and hollow. Our results indicate that the Mo-top site is energetically favored by all three adatoms, and the other two sites become energetically more unfavorable from Co to Ir (see Table S1 in the supplemental material). The spin-polarized GGA calculations predict an electronic configuration close to d 9 for all the adatoms, in which one hole resides in E1 state which has predominantly d ±1 orbital character. Here, without loss of generality we take Co on MoS 2 as a representative example to be discussed in the following. As shown in the projected density of states (PDOS) [ (Fig. 2(a) ], the d orbital order of minority spin in energy is E2 < A1 < E1 with hybridization between E2 and E1, which is in agreement with the allowed off-diagonal terms of the crystal field in (2). To investigate the impacts of on-site Coulomb repul- sion on the results, we also carried out GGA+U calculations for the Co adatom [31] . The GGA+U calculations do not change the orbital ordering and occupation. Only for large U 7.0 eV (J = 0.9 eV) E1 is shifted into the CBs.
We extract the following crystal field parameters of H CF from the DFT calculations of Co on MoS 2 : |m|=2 = −0.287 eV, |m|=1 = 0.130 eV, m=0 = 0 eV, and |c ±3 | = 0.183 eV. Setting the spin-orbit constant to λ = 22 meV [2] , the spin-orbit eigenstates of Co are obtained by diagonalizing (1) and are labelled by |n = {0, 1, 2, ...}; L z S z = {±±, ∓±} . Here, n is assigned to numbering the states in order of increasing energy. The L z and S z refer to the orbital and spin angular momentum along z axis, respectively, and "±±" ("∓±") denotes the orbital and spin momentum directions are parallel (antiparallel) to each other. In Fig. 2(b) we illustrate the evolution of the lowest eigenstates under the variation of the crystal field parameter c ±3 and the spinorbit coupling λ. It shows that c ±3 perturbs the lowest quadruplet, partially quenching its L z . The SOC splits the quadruplet into two doublets with different relative alignments of the spin and orbital moments. The energy separation between the ground state |0; ±± and the first excited state |1; ∓± is about 12.0 meV. I.e. we have an effective out-of-plane magnetic anisotropy on the order of 12 meV for the coupled spin-orbital moment of the Co adatom, which is essentially comparable to the case of Co on Pt (111) [1, 17] .
In order to investigate the stability of the spin-orbital moment, we inspect possible final states as resulting from pure spin-flip scattering if the initial state is one of the spin-orbital ground states |0; ++ of the adatom. We estimate the probabilities of reaching the first excited state and the other degenerate ground state by calculating | 1; +−| S − |0; ++ | 2 and | 0; −−| S − |0; ++ | 2 , where S − is the ladder operator to transit S z from "+" to "−". Our result shows that the former is about 0.98 and the latter is numerically 0, indicating the transition inside the ground state manifold is suppressed. For the former transition, we need to overcome the excitation energy from the ground state to the first excited state arising from SOC which is proportional to λL [2] , where L is the orbital moment magnitude. Given that the corresponding excitation energy is ∼ 12 meV for Co and that of 4d and 5d TM adatoms will be larger because of the stronger SOC, we can neglect the corresponding transition at sufficiently low temperatures. Thus, the spin-orbital moment of adatoms is essentially not perturbed by pure spin-flip scattering. However, carriers in MoS 2 can scatter with Co, disturbing its quantum state via hybridization. For example, the transition d To address the impact of interaction with charge carriers in MoS 2 on the spin-orbital moment of Co, we describe the system in terms of an Anderson impurity model (AIM)
The first term corresponds to the charge carriers residing in MoS 2 and we employ a tight-binding (TB) Hamiltonian from Ref. [21] in the basis of three Mo d orbitals (m = 0, ±2) [32] relevant for the band electrons of MoS 2 . For Co, we consider its five d orbitals split by the crystal field and SOC as in (2) and the local Coulomb interaction U . The third term describes the hybridization between the Co and MoS 2 monolayer and reads
where m To describe the spin-orbital-flip scattering, which is included in the AIM (4) only by virtual processes, directly, we reduce it to a kinetic exchange Hamiltonian via a Schrieffer-Wolff transformation [33] ,
Here, since the kinetic exchange Hamiltonian refers to the ground state manifold only, the operatorsS z andS ± (=S x ± iS y ) are pseudo-spin operators.S ± switches the state of Co between |0; −− and |0; ++ and thus refers to simultaneous flipping of spin and orbital moments. J kk represents the coupling constant of the kinetic exchange interaction, which relates to the parameters of AIM by
where d and k are the eigenvalues of the matrix representations of H Co and H MoS2 , respectively. The spin lifetime τ ( k ) of Co is obtained by calculating the scattering rate of a carrier of MoS 2 transiting from a state |k, +2, ↑ to |k , −2, ↓ due to the kinetic exchange interaction. Here, |k, +2, ↑ refers to a spin up carrier with d m=+2 orbital character. The rate is given by
where 1/N 2 k is a normalization factor and N k is the total number of k points in Brillouin zone. f ( ) is the occupation number of the initial and final states of the electrons in MoS 2 and given by the Fermi distribution function in the thermal equilibrium. At the end, the spin lifetime τ (µ) is derived as the inverse of the sum of (7) Fixing the parameters, d = 0.5 eV, U = 5.0 eV, and T = 4.4 K, our calculations yield the spin lifetime depending on µ as shown in the left panel of Fig. 3 . The right panel shows the TB band structure of MoS 2 . The character of the bands are shown as "fat bands" in different color. For 0 eV < µ < 1.6 eV, the spin lifetime is practically infinite, as there are no carriers in the MoS 2 bands for scattering. For 1.6 eV < µ < 1.9 eV, only electrons from the K valley can contribute to the spin scattering, which carry however mainly d m=0 character. Thus, by symmetry we obtain low scattering rates and relatively long lifetimes. However, with chemical potentials in the range of µ < 0 eV or µ > 1.9 eV electrons in MoS 2 with d m=±2 orbital character contribute to efficient scatterings and short spin lifetime. Eventually, we arrive in the quantum regime with full Kondo screening of the impurity spin in these cases. Strikingly, as the Fermi level approaches the Σ valley in the CB the spin lifetime drops extremely abrupt and by more than two orders of magnitude, further reaching the minimum (τ < 10 ps). Meanwhile, in the case of hole doping, µ < 0 eV, the spin lifetime decreases sharply to less than a nanosecond. Hence, information stored as "magnetic bit" in the adatom spin-orbital moment can be erased by tuning the electronic chemical potential µ in the MoS 2 sheet either to the VB or sufficiently high into the CB.
Due to the SOC in MoS 2 , there are valley specific spin splittings of the CB in the Σ valley and VB in the K/K valley [21] usually referred as spin-valley coupling [23] [24] [25] . The variation of spin lifetimes obtained by including SOC also for the electrons of MoS 2 is shown as the red curve in the left panel of Fig. 3 . Because the variation of the spin lifetime is determined by the evolution of the orbital character of band electrons and SOC does not Due to the orbital selection rule, the excited electrons in the CB with mostly dm=0 character can not efficiently scatter with the Co adatom. Process I: A spin |↓ electron from one of the outmost Co adatom orbitals can scatter into one of the empty states of the MoS2 VB at K followed by a |↑ electron from the VB at K hopping to the Co adatom. In this way the Co spin is flipped from |↓ to |↑ . The reverse process II flipping the Co spin from |↑ to |↓ is not possible since no empty |↑ state at K is available.
change this qualitatively, the curve with SOC follows the same trend of that without SOC. The major effect of SOC in the MoS 2 is the occurrence of "plateaus" in the τ vs. µ curve which can be attributed to the spin split bands in the Σ and K/K valley, i.e., the spin-valley coupling. Importantly, the spin-valley coupling provides a way to select the spin state of optically excited carriers in MoS 2 monolayers. To explain how this can be exploited for ultrafast optical orientation of the Co magnetic moment, we consider the resonant excitation of electrons from the highest spin-split VB to the lowest CB. In this case, the optically excited electrons in the CB mainly carry d m=0 character so that due to the orbital selection rule their contributions to the scattering with the Co adatom are minor. Therefore, we only consider scattering with electrons in the VB with d m=±2 character. The scattering can be still described by Eq. (7), if the Fermi distribution functions f ( ) are replaced by the occupation numbers of the electron states in the VB after the optical excitation. To flip the Co spin, the spin of electrons from MoS 2 should be exchanged as well, i.e., the electrons in the VB of MoS 2 have to scatter between the K and K valley. Specifically, the transition of an electron from MoS 2 from an occupied state in the K valley to an empty state in the K valley flips the Co spin from |↓ to |↑ (process I in Fig. 4 ). Its time reversed counterpart (process II in Fig. 4 ) flips the Co spin from |↑ to |↓ . Therefore, if the rate of process I is larger (smaller) than that of process II, the Co spin is written into a |↑ (|↓ ) state.
Using circularly polarized light, the excitation can be selectively done in the K valley. Hence, we arrive at a situation, as shown in Fig. 4 , where |↓ states in the K valley are excited. At this moment, lacking empty states in the K valley, thus the process II is not allowed. In contrast, the process I can flip the Co spin from |↓ to |↑ . As only one electron from the K valley will be transferred to the adatom, the number of empty states in the K valley remains at all times much smaller than the corresponding number in the K valley. As long as this imbalance exists, the process II is blocked. Therefore, the adatom spin is written optically into a |↑ state, while the recombination of electron-hole pairs in MoS 2 [34] will lead finally to an equilibrium without free carriers. We note that the same optical spin orientation mechanism also remains effective if the notoriously strong excitonic effects in materials like MoS 2 [24, 25] are accounted for.
In conclusion, we showed that orbital selection rules govern the spin-orbital dynamics of magnetic adatoms on a monolayer MX 2 . Our study demonstrated that single Co, Ir and Rh adatoms on MoS 2 realize a d 9 valence state with a sizable magnetic anisotropy and highly orbital coupling to carriers in the substrate. This coupling lays the ground for electronic erasing and optical writing of information possibly stored as magnetic bits in the adatoms on monolayer TMDCs. Information processing and more generally optoelectronics based on valley degree of freedom have been appearing very promising but always feature the problem that valley degree of freedom entities like excitons are intrinsically volatile. The adatom spins could provide a means of storage and dynamic control of information encoded in the valley degree of freedom.
